We investigate the fluorescence quenching of Rhodamine 6G (R6G), a well known laser dye with a high fluorescence quantum yield, by as-synthesized graphene oxide (GO) in aqueous solution, which is found to be rather efficient. By means of steady-state and time-resolved fluorescence spectroscopy combined with detailed analysis about the linear absorption variation for this R6G-GO system, the pertinent quenching mechanism has been elucidated to be a combination of dynamic and static quenching. Possible ground-state complexes between R6G and GO during the static quenching have also been suggested. Furthermore, the direction of photoinduced electron transfer between R6G and GO has been discussed.
I. INTRODUCTION
In order for graphene, the well-known "wonder material" [1, 2] , to be truly effective in device applications in the post-silicon era, routes to its large-scale production must be developed. Graphene oxide (GO), readily derived from the exfoliation of graphite oxide, provides such an inexpensive route [3, 4] and has aroused tremendous interest over the past few years. Noticeably, this heightened interest is currently experiencing a shift from GO as a mere precursor of graphene to GO itself [4, 5] , primarily owing to its heterogeneous chemical/electronic structures [6] and its potentials in a wide spectrum of applications [5, 7, 8] . For example, GO-based fluorescence quenching has recently been demonstrated to provide an ideal sensing platform for quantitative DNA analysis [9] .
Fluorescence quenching is a subject that has received long-standing attention, which is, to a large extent, because it can serve as a valuable source of information about biochemical systems [10] . Although there have emerged a number of recent studies on fluorescence quenching of organic dyes by graphene [11−15] , similar reports linked to GO [14, 16, 17] remain sparse. Obviously, in terms of biochemical applications, it would be favorable to replace graphene with GO as the latter bears excellent solution-processing compatibility. We also notice that the pertinent quenching mechanisms * Author to whom correspondence should be addressed. E-mail: qunzh@ustc.edu.cn for both graphene and GO have seldom been addressed [15] , and hence the research in this regard is desirable.
The present work is dedicated to gaining insight into the mechanism responsible for fluorescence quenching of Rhodamine 6G (R6G), a well known fluorescent probe, by as-synthesized GO in aqueous solution. Detailed examination on the steady-state and time-resolved fluorescence spectra of the R6G-GO system reveals that GO can effectively quench the fluorescence of R6G in a fashion of combined dynamic and static quenching. With the aid of linear absorption measurements, the insight into the possible ground-state complexes formed between R6G and GO during the course of static quenching is gained. Analysis from the electrochemistry perspective suggests that in terms of the photoinduced electron transfer quenching, the excited state of R6G molecule acts as an electron donor while GO as an electron acceptor.
II. EXPERIMENTS
The GO samples were as-synthesized using a modified Hummers method [18−20] . K 2 S 2 O 8 (2 g) and P 2 O 5 (2 g) were added into 98%H 2 SO 4 (10 mL), with the temperature increasing to 90
• C; graphite powder (2.4 g) was added into the mixture, and the solution was maintained at 80
• C for 4.5 h. The resultant preoxidized product was cleaned using deionized (DI) water and dried in air. After it was mixed with 98%H 2 SO 4 (92 mL) and a slowly added KMnO 4 (12 g) at a temperature below 20
• C, DI water (180 mL) was added. After 2 h, additional DI water (560 mL) and 30%H 2 O 2 (10 mL) were slowly added into the solution to completely react with the excess KMnO 4 . The resultant bright-yellow solution was further washed several times with diluted HCl aqueous solution (1/10, volume ratio) and DI water. The brown-black powders of GO were obtained after drying the washed solution in a vacuum oven at −51
• C. Finally, 50 mg GO powders were dispersed into 50 mL DI water after a 10-min sonication, yielding the bright-yellow GO/water suspension (1.0 mg/mL) that was used as the stock solution. The concentration of the stock aqueous solutions of R6G was 64.6 µmol/L. For all the mixed R6G/GO solutions used in the experiments, the R6G concentration, [R6G], was kept constant at 32.3 µmol/L while that of GO, [GO] , was varied from 0 to 200 µg/mL. Before each measurement the premixed solution was sonicated for 30 min to reach equilibrium.
High-purity graphite powder was purchased from Alfa Aesar. All the chemicals (H 2 SO 4 , P 2 O 5 , HCl, KMnO 4 , and H 2 O 2 , Sinopharm Chemical Reagent Co., Ltd.; R6G, Exciton) are of analytical grade and were used as received without further purification. The deionized water was produced with a Millpore Milli-Q grade (resistivity ca. 18.5 MΩ/cm).
The linear absorption spectra were recorded on a SolidSpec-3700DUV UV-VIS-NIR spectrophotometer (Shimadzu). Raman measurements were conducted on a LABRAM-HR Raman spectrometer with an excitation wavelength of 514.5 nm provided by an Ar + laser. The C1s XPS spectra were obtained using an ES-CALAB 250 (Thermo-VG Scientific). The steady-state and time-resolved fluorescence measurements were performed on an FLS920 fluorescence spectrometer (Edinburgh). All the steady-state fluorescence spectra (510−710 nm) were corrected against the sensitivity of the photomultiplier tube. For the fluorescence lifetime measurements, excitation at 470 nm was provided by an SC400-2 supercontinuum laser source (Fianium) with a 6-ps pulse width, and emission was monitored at 560 nm by means of time-correlated single photon counting. Fluorescence lifetimes were obtained by a least-squares fit of the experimental data with the instrument response function deconvoluted. All the measurements were carried out at the ambient conditions.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the linear absorption spectrum (200−800 nm) of as-synthesized GO, in which the two spectral features at ca. 230 and 300 nm correspond to the π→π * transitions of aromatic C−C bonds and the n→π * transitions of C=O bonds, respectively [21, 22] . GO has very weak absorption in the visible spectral region due to the destruction of conjugated π system. The Raman spectrum of as-synthesized GO, as shown in Fig.1(b) , exhibits the well-resolved D and G bands [23, 24] . The D-band peaking at ca. 1350 cm arises from the breathing modes in C−C ring structures, whose presence is indicative of a disordered graphitic carbon lattice, and hence the defects in GO. The G band peaking at ca. 1600 cm −1 emerges as a result of the C(sp 2 )−C(sp 2 ) bond stretching vibrations. cordance with the previous reports [25−27] . From the relative areas for these bands, the atomic C/O ratio can be readily determined to be ca. 2.7/1, a typical value that agrees well with the documented values for as-synthesized GO [26, 27] .
As shown in Fig.2(a) , the fluorescence emission intensity of R6G gradually decreases with [GO], increasing. As [GO] reaches 200 µg/mL, the fluorescence nearly vanishes. This indicates that GO is indeed an efficient quencher of the R6G fluorescence. In addition, an obvious red-shift of ca. 8 nm occurs in the intensity-normalized emission as [GO] changes from 0 to 200 µg/mL (Fig.2(b) ).
Fluorescence quenching can be generally categorized into static and dynamic regimes. In terms of dynamic (or collisional) quenching, it follows the wellknown Stern-Volmer equation (normally under steadystate approximation and with continuous excitation) [10] ,
where F 0 (F ) is the fluorescence intensity in the absence (presence) of quencher, k q is the bimolecular quenching constant, τ 0 (τ ) is the lifetime of the fluorophores in the absence (presence) of quencher, and [Q] is the concentration of quencher. Plotting F 0 /F as a function of [Q] is expected to yield the linear slope K D (=k q τ 0 ), a characteristic constant for dynamic quenching. On the other hand, static quenching featuring the formation of the ground-state complex between the fluorophore and the quencher is described by [10] ,
Although the relationship of F 0 /F versus [Q] is still linear herein, the aforementioned K D is replaced with the association constant K S . In the R6G-GO system under examination, the dependence of F 0 /F on [Q] evidently deviates from linearity, as can be clearly seen in Fig.3(a) . This indicates that the quenching of R6G fluorescence by GO cannot solely be described by either dynamic or static mechanism. For such kind of nonlinear quenching behavior, the classical quenching sphere action model [10, 28] is often adopted [29] . Under this model, the Stern-Volmer equation reads
where V is the volume of the sphere and N A is the Avogadro constant. For our as-synthesized GO samples existing in a form of flake, the average lateral size is ca. 45 µm, which means that a single GO flake contains ca.
7.8×10
−16 mol/cm 3 . Since the effective remote quenching distance of GO is ca. 30 nm [11, 12] which can be approximated as the radius of the sphere under the quenching sphere action model, the [Q]V N A term under our experimental conditions roughly falls within the range of 0−9.3×10 −9 . Therefore, the exponential term in Eq. (3) is nearly unity for all [GO] , making Eq.(3) reduce to Eq.(1). Apparently, the quenching sphere action model is not suited to describe the nonlinear quenching behavior, as shown in Fig.3(a) .
Intuitively, the quenching mechanism responsible for our R6G-GO system most likely falls in a regime that combines the dynamic and static quenching, which could be analyzed in a separate manner [15] . As dynamic quenching results from the collisions of the excited fluorophores with the quenchers, a preferable way to distinguish between dynamic and static quenching is to perform lifetime measurements. In Fig.3(b) , we plot τ 0 /τ versus [GO], the relevant data are given in Table I Fig.3(b) ). The appearance of such a plateau can be understood as follows. Abundantly, small R6G molecules are sandwiched in between the much larger GO flakes. The inter-flake distance decreases as [GO] increases, but should reach sort of equilibrium due to the electrostatic repulsion between adjacent GO flakes that are negatively charged due to the hydroxyl and carboxyl groups decorating the graphene planes and edges [4, 30] . In light of our observation of the critical changeover (from linear rise to plateau) occurring at 60 µg/mL (Fig.3(b) ), such an equilibrium distance can be estimated to be ca. 13 µm (based on the effective carbon-atom area that is ca.
2.6Å
2 when the C−C bond length, 1.42Å, in GO [31] is considered). The mean-free path of the photoexcited R6G * molecules that randomly move between the GO flakes gradually decreases as [GO] increases until the equilibrium distance is reached. This makes the lifetime τ of the R6G
* molecules decrease before [GO] is increased to the critical concentration of 60 µg/mL and afterwards remains nearly unaltered. The lifetime saturation effect observed in the R6G-GO system, which is definitely not attributed to the dynamic quenching, should point to the static quenching that features the formation of the ground-state R6G-GO complex.
For such kind of combined dynamic and static quenching that manifests itself as an upward curvature [10] (Fig.3(a) ), the total quenching efficiency as a collective result of both quenching can normally be decomposed according to [10, 15] 
or equivalently,
However, plotting (F 0 τ )/(F τ 0 ) versus [GO] (Fig.3(c) ) does not produce the expected linear dependence as described by Eq.(5). Instead, the curve fit turns out to be of a quadratic form
where C 1 =(2.67±0.47)×10 −2 (µg/mL) −1 and C 2 = (1.58±0.14)×10 −4 (µg/mL) −2 . From this observation, we can safely infer that the static quenching in the R6G-GO system involves more than one ground-state complex, which cannot be described by a mere association constant K S as in Eq.(5).
To gain further insight into the possible ground-state complexes between R6G and GO during the course of static quenching, we have also recorded the absorption spectra for all the mixed R6G/GO solutions used in the fluorescence measurements. Figure 4 (a) exhibits several representative absorption spectra (all subtracted with respect to the GO absorption background). The main peak at ca. 525 nm initially drops as [GO] increases until 60 µg/mL (indicated by a downward arrow in Fig.4 ) and afterwards slightly goes up (indicated by an upward arrow in Fig.4 ). This intensity variation is accompanied by spectral red-shift as well as broadening. As [GO] varies from 0 to 200 µg/mL, the total red-shift amounts to ca. 9 nm, a value that is nearly identical to that observed in the fluorescence spectra ( Fig.2(b) ). The red-shift is indicative of the formation of the ground-state R6G-GO complex, while the broadening is a reflection of the strong ionic and π-π stacking between R6G and GO [32] . To a certain extent, GO, with its weakly ionizable carboxylic groups, can be viewed as a low-strength acid resin, allowing ion exchange interactions with charged molecules to form molecular complexes [5] .
Interestingly, it can be seen from Fig.4 that the shoulder at ca. 500 nm (indicted by a downward arrow in Fig.1(a) ), a signature of the dimerization of R6G monomers [13, 33] , becomes more pronounced with [GO] increasing. As [GO]≥60 µg/mL there occurs an iso-absorptive wavelength at ca. 510 nm, which is located at the junction of the 500 nm dimer peak and the 525 nm main peak. This implies the coexistence of the R6G dimerization and the R6G-GO complex formation. Figure 4(b) shows the absorbance ratios (R dimer ) of the dimer peak (defined as the dimer-peak absorbance divided by the absorbance sum of the dimer and main peaks) at different [GO] , from which one can see that the critical changeover occurs again at [GO]=60 µg/mL. On one hand, collision-induced dimerization dominates in the lower [GO] region ([GO]≤60 µg/mL); the explanation for the drastic increase of R dimer with [GO] increasing is in line with that for the dynamic quenching discussed above. On the other hand, when [GO] is larger than 60 µg/mL, a slow drop of R dimer appears with [GO] increasing. Such a slow drop (instead of a plateau in Fig.3(b) ) can be understood in terms of the fact that, with [GO] increasing in the higher [GO] region ([GO]≥60 µg/mL), the number of the active sites (onto which the R6G monomers or dimers are bound) increases, making the tendency for the formation of the R6G-GO complexes prevails over the R6G dimerization.
In addition, unlike the 525-nm main peaks, the 500-nm dimer peaks at different [GO] do not possess the corresponding mirror-image features in the fluorescence spectra ( Fig.2(a) ), which indicates that the R6G dimers are of the nonfluorescent H-type [34] .
Considering that Eq.(6) responsible for static quenching may contain useful information about the R6G-GO complex formation, we here rewrite Eq.(6) of a quadratic form as
where
(µg/mL) −1 , and K
S ≈2K
S , based on which it is probable that two equilibrium processes co-exist:
In our R6G-GO system, the number of the R6G molecules is much larger than that of the GO flakes, thus it is reasonable to assume
Furthermore, it is worth noting that there is essentially no overlap between the absorption spectrum of GO ( Fig.1(a) ) and the steady-state fluorescence emission band carried by the photoexcited R6G * molecules (Fig.2(a) ). Basically, this suggests that electron transfer (instead of resonant energy transfer) between R6G * and GO may take effect herein [13, 14] . Then, how about the direction of such an electron transfer process, either from R6G * to GO or from GO to R6G * ? To answer this, one needs to evaluate the work functions of R6G * and GO from a perspective of electrochemistry.
R6G is known to have an oxidation potential of 1.22 V and a reduction potential of −0.6 V (versus normal hydrogen electrode, NHE) [35] . The singlet-state energy of R6G is ca. 2.28 eV, which is estimated by half the energy sum of the absorption and fluorescence maxima (similar treatment can be found [36] ). Thus, the oxidation and reduction potentials of R6G * are ca. −1.06 and 1.68 V, respectively, and the redox potential (versus NHE) of R6G * equals ca. −2.74 V. Since the average value of the NHE potential (with respect to the vacuum level), −4.5 eV, is usually adopted [37, 38] , the work function of R6G * can be estimated to be ca. −1.76 eV. Considering that the work function of GO can be regarded as the energy of conduction band (ca. −3.50 eV [39] ), one can readily reach a conclusion that the electron transfer from R6G * to GO is thermodynamically favorable. It is well accepted that among others (such as intersystem crossing or the heavy atom effect and electron exchange or Dexter interactions), photoinduced electron transfer (PET) is one of the major mechanisms responsible for fluorescence quenching [10] . In terms of PET, a complex is formed between the electron donor and the electron acceptor. The more common situation is when the excited state of a fluorophore acts as an electron acceptor, whereas PET quenching can also occur by electron transfer from the excited fluorophore to the quencher [40−43] , as observed in our R6G-GO system.
IV. CONCLUSION
In summary, it is found that the fluorescence of R6G can be effectively quenched by as-synthesized GO in aqueous solution. By examining the steady-state and time-resolved fluorescence combined with linear absorption measurements, we reveal that a combined dynamic and static quenching accounts for such an efficient quenching. Possible ground-state complexes as well as the direction of photoinduced electron transfer in this R6G-GO system have been discussed.
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